Amphiphilic miktoarm star copolymers have a unique internal structure and many attractive properties with respect to solution self-assembly, such as a high density of internal and peripheral functionalities, low CMC values, and high loading efficiency. However, compared to their linear analogs, the complex architecture demands asymmetric polymer arms emanating from a single core, which poses a significant synthetic challenge. Herein, we demonstrate an approach for the synthesis of polypept(o) ide-based AB 3 -and A 3 B-type miktoarm PeptoStars consisting of polypeptidic poly(γ-benzyl-L-glutamate (pGlu(OBn)) as the hydrophobic A arm and polypeptoidic polysarcosine (pSar) as the hydrophilic B arm. These structures, which are completely derived from endogenous amino acids, were realized by the core-first method using a tetrafunctional initiator and the corresponding N-carboxyanhydrides (NCAs) via a controlled, living nucleophilic ring-opening polymerization (ROP). The asymmetric architecture was achieved through an orthogonal protecting group strategy with multiple protection/ deprotection steps. Characterization via 1 H NMR-, 1 H DOSY-spectroscopy, and size-exclusion chromatography (SEC) indicate the presence of well-formed miktoarm PeptoStars with low dispersities (Đ = 1.09-1.14), the precise control over the degree of polymerization and Poisson-like molecular weight distributions.
Introduction
The properties of a polymer are governed by its chemical composition and topology. Asymmetric star copolymers can be considered a unique class of macromolecules and are distinguished by their special properties, which can be turned by varying the polymer arms [1] . In comparison to symmetric star polymers, the characteristics of asymmetric star polymers are less explored [2] . These star-shaped polymers, which possess chemically distinct arms and feature an A m B n -architecture with m arms of polymer A and n arms of polymer B emanating from a central core, are called miktoarm star polymers [3] . They represent a synthetically challenging class of precision polymers, and they are generally prepared by a combination of different polymerization techniques or the use of modular ligation chemistry starting from multifunctional core [4, 5] .
In recent years, amphiphilic block copolymers have attracted significant interest for a variety of applications, including drug delivery, as a result of their ability to selfassemble in aqueous media, leading to various nano morphologies [6] [7] [8] . However, conventional micelles based on linear systems often have insufficient stability resulting in premature drug release in vivo [9] [10] [11] [12] . With the ongoing progress in the field of macromolecular chemistry, amphiphilic miktoarm star polymers have just started to receive considerable attention in the field of biomedicine [13, 14] . These systems have been proposed as a promising alternative to their linear counterparts [15] . Depending on the composition, length, and structure of the polymer arms, amphiphilic miktoarm copolymers can self-assemble into nanoparticles with different morphologies, such as spherical micelles [16] , polymersomes [17] , or worm-like micelles [18] . These micelles have shown core-shell structures with higher stability than those obtained from their linear analogs [19] . Moreover, the synthesis allows for end-group control of the different blocks, and as such allows control over the ligand density and ratio on the surface of the star polymers, which is currently regarded as a crucial parameter for the development of cell receptor mediated drug delivery [20] .
Tremendous efforts have been devoted to tailoring asymmetric star polymers to achieve the desired composition and architecture to overcome the problems associated with their linear counterparts [21, 22] . Interestingly, polypept(o)idebased miktoarm polymers (PeptoMiktoStars) have not yet been reported in the literature. They represent a hybrid system combining polypeptoids, such as polysarcosine (pSar), with polypeptides to afford materials completely based on endogenous amino acids [23] [24] [25] . While pSar provides stealth-like properties, the polypeptide segment provides a handle for incorporating or attaching of biomolecules or drugs [26] . Furthermore, they can be used to introduce stimuli-responsive moieties into the system (e.g. pH-or redox-responsive) or act as a core-forming block due to their tendency to form secondary structures [26, 27] . pSar has been proposed as a promising alternative to PEG because of their many commonalities such as zero net charge, hydrophilicity, and the inability to serve as a hydrogen bond donor, and as a result, they strictly follows Whitesides' rules for protein-resistant surfaces [28] [29] [30] [31] [32] . In addition, it was recently demonstrated that PEG and pSar possess identical Kuhn-lengths and second virial coefficients in aqueous solutions [33] . Therefore, pSar is suitable for antifouling applications and is distinguished by its proven high protein-resistance as a shielding component in nanodrug delivery systems [34] [35] [36] [37] . In addition, Koynov and coworkers showed that nanoparticles with a corona based on pSar maintained their size even in human blood [38] .
Polypept(o)ides are usually synthesized through sequential nucleophilic ring opening polymerizations of α-amino acid-N-carboxyanhydrides (NCAs) and the corresponding N-substituted N-carboxyanhydrides (NNCAs), which are easily accessible by the Fuchs-Farthing method [39] . The molecular weights of the resulting copolymers, synthesized under quasiliving conditions, give a Poisson distribution and the polymers show high end-group integrity with precise control over the molecular weight, as reported in the literature [40] [41] [42] . In contrast to the previously mentioned linear block copolypept(o)ides [43] , our group recently introduced star-shaped block copolymers [44] . These well-defined and biodegradable PeptoStars, based on polypept(o)ides, were accomplished by the use of a multifunctional initiator and showed low cytotoxicities in vitro. Moreover, further investigations concerning the solution behavior of those three-arm and six-arm architectures in organic and aqueous solutions revealed the importance of a higher degree of branching to avoid the undesired aggregation of core-shell nanostructures [45] .
In this study, we report the synthesis of amphiphilic AB 3 and A 3 B miktoarm star copolymers based on polypept(o) ides (PeptoMiktoStars). The synthesis of these well-defined structures was achieved by the core-first [15, 46] method using a tetrafunctional initiator with an orthogonal protecting group strategy. The asymmetric polypept(o)id stars consist of a hydrophobic benzyl-ester-protected glutamine core and a hydrophilic corona based on pSar. The chosen multistep approach was first investigated in the preparation of polypeptoid homoarm star polymers. The initiator, monomer and polymers were characterized by 1 H and 13 C nuclear magnetic resonance (NMR) spectroscopy, 1 H diffusion ordered spectroscopy (DOSY) and size-exclusion chromatography (SEC). Therefore, the reported strategy enables the precise synthesis of miktoarm star polymers with adjustable side chain functionality, length, and hydrophilicity/hydrophobicity.
Materials and methods

Reagents and instruments
Sarcosine and solvents were purchased from Sigma Aldrich. Benzyl-ester-protected glutamine was purchased from ORPEGEN and dried under vacuum before NCA synthesis. Tetrahydrofuran (THF) and n-hexane were dried over Na/K prior to use. Dimethylformamide (DMF) was purchased from Acros (99.8%, extra dry over molecular sieves). Before use, DMF was degassed under vacuum for at least 20 min to remove residual dimethylamine. Diphosgene was purchased from Alfa Aesar and used without further purification. N,N-Diisopropylethylamine (DIPEA) and triethylamine (TEA) were purchased from ABCR, dried over CaH 2 and molecular sieves (4 Å), and fractionally distilled under a N 2 atmosphere. All other reagents and chemicals were obtained from commercial sources at the highest purity available and were used without further purification. Millipore water was prepared using a Milli-Q Reference A + System. Water at a resistivity of 18.2 MΩ/cm and a total organic carbon content of <5 ppm was used throughout this study. 1 H and 13 C NMR spectra were recorded on a Bruker AV 400 instrument at room temperature. Spectra were calibrated using the solvent signal (δ = 2.500 ppm for DMSOd 6 , δ = 7.260 ppm for CDCl 3 ). The degrees of polymerization as well as molecular weights were calculated by comparing the integral of the tert-butyloxycarbonyl (Boc) protecting groups and the Ahx-spacer of the initiator with the integrals of the benzylic methylene groups of the protecting group on the amino acid and the integrals of the α-protons of pSar. Infrared spectroscopy was performed on a Jasco FT/IR-4100 instrument with an ATR sampling accessory (MIRacle, Pike Technologies) using 16 scans per measurement. IR spectra were analyzed using Spectra Manager 2.0 (Jasco). NCA polymerization was monitored by FT-IR spectroscopy. The progress of the polymerization was judged to be complete when the NCA-associated carbonyl peaks at 1853 and 1786 cm −1 had vanished. SEC in hexafluoroisopropanol (HFIP) was performed with 3 g/L potassium trifluoroacetate at 40°C. The columns were packed with modified silica (PFG columns; particle size: 7 μm; porosity: 100 and 1000 Å). A refractive index detector (G 1362A RID, Jasco) and a UV/vis detector (UV-2075 Plus, Jasco) were used to detect the polymer. Molecular weights were calculated based on a calibration performed with PMMA standards (Polymer Standards Services GmbH). Toluene was used as the internal standard. Mass spectra were recorded on electrospray ionization (ESI) spectrometers (Micro Tof (Bruker) and Orbi-Trap LTQ-XL (Thermo Scientific)) using methanol as the solvent. Melting points were determined on a Mettler Toledo FP62 melting point apparatus at a heating rate of 5°C/min.
Initiator synthesis
The synthesis of the tetrafunctional initiator was adapted from the literature [47, 48] .
Tris{[2-(tert-butoxycarbonyl)ethoxy]methyl}methylamine
Tris(hydroxylmethyl)aminomethane (2.50 g, 21.0 mmol, 1.0 eq.) was weighed into a round bottom flask and suspended in 5 mL of DMSO. After cooling to 15°C, 0.5 mL of aq. NaOH (5.0 N) was added, and the suspension was stirred for 30 min at this temperature. Afterwards, tert-butyl acrylate (10.2 mL, 70.0 mmol, 3.3 eq.) was added dropwise, and the mixture was stirred for an additional 24 h at room temperature. The solution was concentrated under reduced pressure, and the residue was purified by column chromatography (EtOAc/cyclohexane: 3/1 + 0.05 v/v% NH 4 OH, R f = 0.41). The product was afforded as a colorless liquid (2.02 g, 19%). The synthesis was confirmed by the 1 H NMR spectrum ( Fig. S1 ).
Cbz-Ahx-Tris{[2-(tert-butoxycarbonyl)ethoxy]methyl} methylamide
Tris{[2-(tert-butoxycarbonyl)ethoxy]methyl}methylamine (2.02 g, 4.00 mmol, 1.0 eq.) was dissolved in 25 mL of THF. Then 2.69 mL DIPEA (158 mmol, 4.0 eq.) and 1.26 g of Cbzhexanoic acid (Cbz-Ahx, 5.00 mmol, 1.3 eq.) were added, and the solution was stirred at room temperature for 30 min. Afterwards, PyBop (5.36 g, 10.0 mmol, 2.6 eq.) was added and the suspension was stirred for 24 h at room temperature. The slightly yellow mixture was washed twice with aq. NaHCO 3 -solution (2 × 15 mL), and the combined aqueous layer was extracted three times with THF (3 × 10 mL). The organic layer was washed with brine, dried over anhydrous Na 2 SO 4 , and concentrated in vacuo. The crude product was purified by column chromatography (EtOAc/cyclohexane: 1/1, R f = 0.80) and gave 2.80 g (3.70 mmol, 93%) of the product as a colorless oil. The synthesis was confirmed by the 1 H NMR spectrum ( Fig. S2 
Cbz-Ahx-Tris[2-(carboxyethoxy)methyl]methylamide
Cbz-Ahx-Tris{[2-(tert-butoxycarbonyl)ethoxy]methyl} methylamide (2.80 g, 3.70 mmol, 1 eq.) was weighed into a round bottom flask and dissolved in 10 mL of dichloromethane. The solution was cooled to 10°C, and trifluoroacetic acid (10 mL) was added dropwise under stirring with continued cooling. Afterwards, the mixture was stirred for an additional hour at room temperature and then concentrated in vacuo. The resulting product was dissolved in 5 mL of H 2 O, filtered, and lyophilized. The pure product was obtained as a white solid (2.20 g, 3.70 mmol, quant.). The synthesis was confirmed by the 1 H NMR spectrum ( Fig. S3 in the Supplementary Materials). 1 
Cbz-Ahx-Tris{[2-(N-Boc-ethylendiaminecarbonyl)ethoxy] methyl}methylamide
The precursor, Cbz-Ahx-Tris[2-(carboxyethoxy)methyl] methylamide (2.10 g, 3.60 mmol, 1 eq.), was added to a round bottom flask along with PyBop (7.49 g, 14.4 mmol, 4 eq.), DIPEA (2.45 mL, 14.4 mmol, 4 eq.) and a mixture of 20 mL of chloroform and 40 mL of dimethylformamide. The suspension was stirred for 30 min at room temperature, and then 2.85 mL N-Boc-ethylendiamine (18.0 mmol, 5 eq.) was added. After 24 h, the brown solution was washed twice with aq. NaHCO 3 -solution (2 × 30 mL), and the combined aqueous layer was extracted three times with chloroform (3 × 40 mL). The organic layer was washed with brine, dried over anhydrous Na 2 SO 4 , and concentrated in vacuo. The crude product was purified by column chromatography (CHCl 3 /MeOH: 95/5, R f = 0.24) and gave 1.89 g (1.90 mmol, 53%) of the product as a white solid. The synthesis was confirmed by the 1 H NMR spectroscopy ( Fig. S4 
Monomer synthesis
Sarcosine-N-carboxyanhydride (Sar-NCA)
The synthesis of sarcosine NCA was adapted from the literature and modified [49] . Sarcosine (51.0 g, 572 mmol, 1.0 eq.) was weighed into a predried three neck round bottomed flask and dried in vacuo for 1 h. THF (500 mL) was added under a steady flow of nitrogen, and diphosgene (55.2 mL, 458 mmol, 0.8 eq.) was added slowly via syringe. The colorless suspension was heated to 70°C, yielding a clear solution after 3 h of stirring. A steady flow of dry nitrogen was fed through the solution into two gas washing bottles filled with aqueous sodium hydroxide solution to remove the excess HCl and phosgene. The solvent was evaporated under reduced pressure yielding the crude reaction product as a brownish oil. The oil was heated to 50°C and dried under reduced pressure (20 mbar, then <10 −1 mbar for 2 h) to obtain an amorphous solid. The crude reaction product was redissolved in 60 mL of THF and precipitated with 300 mL of dry n-hexane. The solution was cooled to −18°C to complete the precipitation, and the solid was filtered off under an atmosphere of dry nitrogen. Afterwards, a stream of dry nitrogen was used to dry the product for 60-90 min to remove residual THF. The next day, the product was dried in high vacuum for 2 h in the sublimation apparatus. Then, the crude product was sublimated at 80-85°C and <1 × 10 −2 mbar. The product was collected from the sublimation apparatus in a glove box on the same day and aliquoted once the melting point was above 100°C. Colorless crystals were obtained (42.1 g, 366 mmol, 64%). The synthesis was confirmed by the 1 H NMR spectrum ( Fig. S6 
The synthesis was adapted from the literature [39] . Into predried glassware, 10.0 g (42.1 mmol, 1.0 eq.) of benzylester-protected glutamine and 200 mL of abs. THF were added under a steady flow of nitrogen. The condenser outlet was connected to two gas washing bottles filled with aqueous NaOH, to remove excess HCl and phosgene. Then, 4.07 mL (33.7 mmol, 0.8 eq.) of diphosgene was added slowly via syringe and the nitrogen stream was reduced. The colorless suspension was mildly refluxed for 1.5 h, yielding a yellowish solution. After the last particles were dissolved, a steady flow of dry nitrogen was passed through the solution for 3 h. The solvent was evaporated under reduced pressure, and abs. THF was added to completely dissolve the crude product. Excess abs. n-hexane was added, and the solution was kept at 4°C overnight to allow crystal formation. The solid was filtered under an atmosphere of dry nitrogen, and the crude product was recrystallized twice from THF/n-hexane, washed with n-hexane, and dried under flowing of dry nitrogen and then in a high vacuum. A total of 10.5 g (40.0 mmol, 95%) of the purified product was obtained as colorless needles. The synthesis was confirmed by the 1 H NMR spectrum (Fig. S7 in the Supplementary Materials) and by the melting point (m p = 93°C). 1 
Macroinitiator synthesis
All macroinitiators with both types of NCAs were prepared in the same way, regardless of chain length. In a typical experiment, 226 mg of Glu(OBn)-NCA (860 μmol, 25 eq.) was weighed into a predried Schlenk flask with a stir bar under a nitrogen counter-flow, and the material was dried for 1 h under high vacuum. Afterwards, 30.2 mg (34.4 μmol, 1 eq.) of the Cbz-deprotected initiator (1) was weighed in the same way into another predried Schlenk tube and was also further dried for 1 h in vacuo. Then the NCA and the initiator were dissolved in 2.00 mL and 0.30 mL of DMF, respectively, and they were each stirred for 30 min at room temperature. Subsequently, the prepared initiator solution was added to the NCA solution via syringe (yielding a total of 2.30 mL of DMF and a monomer concentration of 100 mg/mL). The polymerization was performed at 0°C under a dry nitrogen atmosphere. The reaction progress was monitored by IR spectroscopy (disappearance of the NCA peaks (1853 and 1786 cm −1 )). Directly after completion of the reaction, the polymer was precipitated by pouring into cold diethyl ether and separated by centrifugation (4500 rpm at 4°C for 20 min). After discarding the liquid fraction, fresh ether was added, and the polymer was resuspended using sonication. The suspension was centrifuged again, and the procedure was repeated. Afterwards, the product was suspended in H 2 O and lyophilized to obtain 196 mg (77%) of the desired polymer as a white fluffy powder. The resulting macroinitiators were characterized by 1 H NMR (see Figs. 2b and S8, S9) spectroscopy and SEC (see Fig. 1 ).
End-group modification
N-acetyl-macroinitiator
The acetylations of all the different macroinitiators were performed in the same way. In a typical experiment, 39.2 mg of pGlu(OBn) 25 -(Boc) 3 (14.83 μmol, 1 eq.) was weighed into a predried Schlenk flask and dried under vacuum for 30 min.
The polymer was dissolved in 0.5 mL of DMF and 41.5 μL (297 μmol, 20 eq.) of TEA, and this solution was added directly to the reaction flask with a pipette under a nitrogen counter flow. The mixture was stirred at room temperature for 30 min to activate the N-terminus of the macroinitiator. Afterwards, acetic anhydride (28.0 μL, 297 μmol, 20 eq.) was added, and the mixture was stirred at room temperature for 24 h. For purification, the acetylated polymer was precipitated by pouring into diethyl ether and separated by centrifugation (4500 rpm at 4°C for 20 min). A colorless fluffy powder (35.2 mg, 90%) was obtained.
tert-Butyloxycarbonyl (Boc) deprotection of the acetylated macroinitiators
The same reaction procedure was sued for the Boc deprotection of all acetylated macroinitiators regardless of their chemical composition and chain length. In a typical experiment, 39.9 mg (14.8 μmol, 1 eq.) of acetylated macroinitiator Ac-pGlu(OBn) 25 -(Boc) 3 was weighed into a predried Schenk tube, dried under vacuum for 30 min and dissolved in 5 mL of dichloromethane. The solution was cooled to 10°C, and trifluoroacetic acid (5 mL) was added dropwise under stirring and continued cooling. Afterwards the mixture was stirred for one more hour at room temperature and then concentrated in vacuo.
The residue was suspended in water and lyophilized. The TFA salt of the macroinitiator was obtained as a white solid (33.9 mg, 85%). The resulting products were characterized by 1 H-NMR spectroscopy (see Fig. 2a ) and SEC (see Fig. 1 ).
Polymer synthesis
All the polymerizations with the three different deprotected macroinitiators for the synthesis of the polypeptoidic homoarm-and the polypept(o)ide-based AB 3 -/A 3 Bmiktoarm star polymers were carried out in the same way. A typical procedure for the synthesis of AB 3 -miktoarm star Ac-pGlu(OBn) 25 (pSar 29 ) 3 is described. The TFA salt of the polypeptoid-based macroinitiator Ac-pGlu(OBn) 25 -(NH 2 ) 3 (64.2 mg, 9.96 μmol, 1 eq.) was transferred under nitrogen counterflow into a predried Schlenk tube equipped with a stir bar. The material was suspended in benzene (2 mL), and then dried overnight under high vacuum. After dissolving the macroinitiator in 0.3 mL of DMF, 5.58 μL of freshly distilled DIPEA (32.7 μmol, 3.3 eq.) was added, and the mixture was stirred at room temperature for 3 h. Then, Sar-NCA (115 mg, 996 μmol, 100 eq.) was transferred under nitrogen counterflow into a predried Schlenk flask, dried for 30 min under high vacuum and dissolved in 0.85 mL of DMF. The NCA-solution was added to the macroinitiator via syringe (yielding a total of 0.85 mL of DMF and a monomer concentration of 100 mg/mL). The polymerization was performed at 0°C under an atmosphere of dry nitrogen. The reaction progress was monitored by IR spectroscopy (disappearance of the NCA peaks (1853 and 1786 cm −1 )). Directly after completion of the reaction the polymer was precipitated by pouring into cold diethyl ether and separated by centrifugation (4500 rpm at 4°C for 20 min). After discarding the liquid fraction, fresh ether was added and the polymer was resuspended using sonication. The suspension was centrifuged again and the procedure was repeated. Afterwards, the product was dissolved in H 2 O and lyophilized to obtain 115 mg (64%) of the desired polymer as a white fluffy powder. The resulting polymers were characterized by SEC, 1 H NMR spectroscopy and 1 H DOSY.
Results and discussion
Initiator synthesis
The preparation of polypept(o)ide-based star copolymers (PeptoStars) with a multivalent initiator via ring-opening polymerization (ROP) has already been reported in the literature by our group [44] . A multifunctional initiator with equally reactive initiation sites is necessary establishing a strategy for the synthesis of polypept(o)ide-based miktoarm star copolymers (PeptoMiktoStars) through a core-first method [50] . The preparation of the asymmetric structure requires polymerization from a single initiating site while leaving the other sides intact. One way to accomplish this, is introducing orthogonal protecting groups at the respective initiating sites for the subsequent ring opening polymerization. For this purpose, the Cbz-Ahx-Tris{[2-(N-Boc-ethylendiaminecarbonyl)ethoxy]-methyl}methylamide initiator, bearing orthogonal carboxybenzyl (Cbz) and tertbutyloxycarbonyl (Boc) protecting groups, was synthesized according to the published procedure [47, 48] . This compound was easily accessible by a four-step process starting from the tris(hydroxymethyl)aminomethane (Tris base). Between the synthetic steps, impurities were removed by column chromatography and structures were confirmed by 1 H NMR spectroscopy (Fig. S4 in the Supplementary Materials) and mass spectrometry (see Section "Cbz-Ahx-Tris{[2-(N-Boc-ethylendiaminecarbonyl)ethoxy]methyl} methylamide"). The purity of the multifunctional initiator is key to the subsequent ROP and to avoid cores with different numbers of initiating sites, which would result in poorly defined and polydisperse products. The free amine functionality was obtained via cleavage of the Cbz-protecting group (see Scheme 1), which was achieved through 
Macroinitiator synthesis
This monofunctional core was then used to form the first polypeptoidic or polypeptidic arm via controlled living ROP of the respective NCAs. In our case, γ-benzyl-L-glutamate-N-carboxy -anhydride (Glu(OBn-NCA) was chosen as the monomer to generate a hydrophobic polymer arm with aromatic side groups. The combination of π-π-stacking and hydrophobic interactions could enhance the stability of the resulting nanoparticles and will be investigated in another study [51] . Three different macroinitiators were synthesized to investigate the chosen strategy and to prepare the corresponding miktoarm stars. The polymers were precipitated, after full conversion of the monomer was verified by IR spectroscopy. Characterization was carried out by 1 H NMR spectroscopy (see Fig. 2b and Fig. S8/9 in the Supplementary Material) as well as HFIP SEC (Fig. 1) , and the data are summarized in Table 1 .
The chain lengths could be precisely controlled by the monomer-to-initiator ratio and are in line with the analytical data. The degree of polymerization (X n ) can be easily determined from the 1 H NMR spectra by relating the signals associated with the Boc protecting group and the Ahxspacer with the signals of the backbone protons of pSar. In the case of the protected amino acid, the signal of the benzylic methylene groups was utilized.
End-group modification
The next steps towards the synthesis of the miktoarm star copolymers were the acetylation and cleavage of the Boc protecting groups. The capping of the first polymer arm was conducted in DMF with excess acetic anhydride in the presence of TEA. Quantification by 1 H NMR spectroscopy was not possible, because the signal intensity was not sufficient in comparison to the strong backbone signals. Afterwards, the other three amine initiating sites were deprotected with a mixture of trifluoroacetic acid and dichloromethane (1:1) within an hour. The successful deprotection of the macroinitiators was confirmed spectroscopically, and representative spectrum is shown in Fig. 2a (pGlu(OBn) 25 -(Boc) 3 ), in which only the signal of the six Ahx-Spacer-protons (1.3-1.5 ppm) can be seen. Both acetylation and deprotection have very small influences on the SEC chromatograms of the synthesized macroinitiators ( Fig. 1) .
Polysarcosine homoarm stars
Next, the chosen synthetic pathway was investigated for the preparation of pSar homoarm star polymers (Scheme 2). To examine the capabilities of the initiating sites, arms of three different chain lengths were generated by adjusting the monomer-to-initiator ratio. Regarding proper shielding of the pSar corona for the subsequent synthesis of the miktoarm stars, a degree of polymerization of up to 100 per arm was pursued. The polymerizations were conducted in DMF at 0°C in the presence of DIPEA to ensure initiation by all the amine sites. After complete monomer consumption, as confirmed by IR-spectroscopy, the pSar-based homoarm stars were precipitated in the same way as the macroinitiators. Characterization was carried out by 1 H NMR spectroscopy (see Fig. S10 in the Supplementaryorting Material), 1 H DOSY (see Fig. 3c ) and HFIP SEC (Fig. 3a,  b) , and the data are summarized in Table 2 . The degree of polymerization was calculated from the 1 H NMR spectra by comparing the signal of the six initiator-protons of the corresponding Ahx-spacer (1.50-1.30 ppm) with that of the backbone protons of pSar (4.30-3.90 ppm) minus the repeating units of the pSar macroinitiator.
The prepared homoarm stars showed low dispersities of up to 1.16 and the desired chain lengths could generally be obtained with deviations from 1-18%. The polymerization of the Sar-NCA was clearly initiated by the pSar-macroinitiator, which was proven through the single diffusing species in the 1 H DOSY spectrum (Fig. 3c ) containing all the relevant signals. The SEC chromatogram displays a distinct shift from the macroinitiator used to the resulting star polymer (Fig. 3a) . Furthermore, there is a clear difference in the elution volumes of the various stars (Fig. 3b) . These data clearly indicate the successful synthesis of the homoarm stars by simultaneous ring opening polymerization of the NCA at the three amine initiating sites. This can be seen as an initial proof of principle for the designed synthetic pathway. Consequently, this Determined by 1 H NMR spectroscopy in DMSO-d 6 c Determined by SEC in HFIP using PMMA standards strategy will be applied for the preparation of AB 3 -and A 3 B-miktoarm stars. AB 3 -miktoarm star copolymers AB 3 -miktoarm star copolymers were then prepared based on the previous results. To form amphiphilic miktoarm PeptoMiktoStars, a hydrophobic macroinitiator consisting of pGlu(OBn) was employed. The same adjusted chain lengths were chosen for the hydrophilic pSar arms to generate a proper shielding effect and to investigate the influence on the polymerization itself. The synthesis was conducted under the same conditions as the preparation of the homoarm stars. After full conversion of the Sar-NCA was verified via IR spectroscopy, and the polypept(o)id stars were precipitated and analyzed by 1 H NMR spectroscopy, 1 H DOSY, and SEC (see Fig. 4 and Fig. S11 in the Supplementary Material). The data of the prepared AB 3miktoarm star copolymers are summarized in Table 3 . The degrees of polymerization were determined from the 1 H NMR spectra by comparing the signal of the benzylic methylene groups of the applied polypeptide macroinitiator (5.10-4.90 ) with that of the backbone protons of pSar (4.30-3.90 ppm).
With respect to the analytical data of the AB 3 -systems, the molecular weight and hence the chain length could be controlled by tuning the monomer-to-initiator ratio. Only a minor deviation of~10% between the calculated and achieved degrees of polymerization was found (see Table 3 ). HFIP SEC resulted in monomodal traces indicating Poisson-like molecular weight distributions with low dispersities in the range of 1.09-1.14, which are even lower than the dispersities of the symmetrical systems (see Table 2 ). In addition, the SEC traces (see Fig. 4a, b) show a distinct shift from the polypeptide-based macroinitiator to the AB 3 -miktoarm stars and a clear difference between the elution volumes of the various AB 3 -systems. The successful preparation of these architectures was also Fig. 4c ). The spectra showed only a single diffusing species, which can be attributed to the asymmetric PeptoMiktoStar since it contains the expected signals for both pGlu(OBn) and pSar arms. These data clearly indicate the presence of amphiphilic AB 3 miktoarm star copolymers based on polypept(o)ides (PeptoStars).
A 3 B-miktoarm star copolymers
After the successful synthesis of the AB 3 -systems, the preparation of the opposite architecture was investigated.
To form the complementary structure, the polypeptoid macroinitiator was chosen. However, in contrast to the homoarm stars, a pSar macroinitiator with a chain length of 102 was used to achieve the proper shielding corona. Consequently, the degrees of polymerization for the hydrophobic pGlu(OBn) arms were reduced to desired lengths of 5, 10, and 15 per arm. The polymerization and precipitation of the corresponding polymer were carried out in the same way as the AB 3 -systems.
In the case of Glu(OBn)-NCA, it is even more important to perform the polymerization at 0°C. At room temperature incomplete initiation can occur due to nucleophilic attack of the benzyl ester protecting group by the terminal amine. This formation of a pyroglutamate end group leads to the partial loss of the amine groups but can be prevented by conducting the polymerization at 0°C [24, 52] . The characterization was achieved by 1 H NMR spectroscopy, 1 H DOSY and SEC (see Figs. 5 and S12 in Supplementary Material). The data of the prepared A 3 Bmiktoarm star copolymers are summarized in Table 4 . The degree of polymerization was calculated from the 1 H NMR spectra by comparing the signals of the backbone protons of the pSar macroinitiator (4.30-3.90) with Determined by 1 H NMR spectroscopy in DMSO-d 6 c Determined by SEC in HFIP using PMMA standards that of the benzylic methylene groups of the protected amino acid (5.10-4.90).
In comparison to the AB 3 -systems, the analytical data of the A 3 B-miktoarm stars in Table 4 suggests less control over the molecular weight and the chain length. The deviation from the desired to the achieved degree of polymerization is significantly higher with values up to 27%. Furthermore, the SEC analysis (Fig. 5a ) shows tailing toward low molecular weights for the largest A 3 B-miktoarm star.
Nevertheless, the preparation of these systems was successful, as confirmed by the distinct shift to a higher elution volume compared to that of the polypeptoid-based macroinitiator in the SEC plots (see Fig. 5a ). The two smaller A 3 B-miktoarm stars even show monomodal Poisson-like molecular weight distributions, but with higher dispersities (1.17-1.18) than those of the AB 3 -systems (see Fig. 5b ). Moreover, the SEC chromatograms of all the A 3 Bstructures display clear shifts to higher elution volumes corresponding to the chain length. Again, the 1 H DOSY data (see Fig. 5c ) indicate the presence of a single diffusing species, containing all the expected signals of the different polymer arms. 
Conclusions
In summary, we demonstrated a simple and versatile synthetic strategy for the preparation of AB 3 -and A 3 B-Miktoarm star copolymers based on polypept(o)ides. These asymmetric PeptoStars were accessible through an orthogonal protecting group strategy via a core-first approach using a tetrafunctional initiator bearing Cbz-and Boc-protecting groups. The necessary polypeptide-and polypeptoid-based macroinitiators were synthesized by the ring-opening-polymerization of the respective NCAs. End-group modifications of the macroinitiators enabled the preparation of well-defined AB 3 -systems with adjustable block lengths, Poisson-like molecular weight distributions and low dispersity indices (between 1.09-and 1.14). These amphiphilic architectures seem to be promising candidates for nano drug delivery systems. Combining the stealth-like properties of pSar with the hydrophobic and aromatic core of pGlu(OBn) might result in nanoparticles with extraordinary stability. The synthesis of the corresponding A 3 Bsystems was also successful, although the observed polymer dispersities were slightly higher (1.17-1.25). The precise synthesis of these polymer architectures may yield materials with great potential in the field of nanomedicines. 
